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Abstract
Superconducting field-effect transitor (SuFET ) and Josephson field-effect transistor (JoFET ) tech-
nologies take advantage of electric field induced control of charge carrier concentration in order to
modulate the channel superconducting properties. Despite field-effect is believed to be unaffective
for superconducting metals, recent experiments showed electric field dependent modulation of the
critical current (IC) in a fully metallic transistor. Yet, the grounding mechanism of this phenomenon
is not completely understood. Here, we show the experimental realization of Ti-based Dayem bridge
field-effect transistors (DB − FET s) able to control IC of the superconducting channel. Our easy
fabrication process DB − FET s show symmetric full suppression of IC for an applied critical gate
voltage as low as V CG ' ±8V at temperatures reaching about the 85% of the record critical tempera-
ture TC ' 550mK for titanium. The gate-independent TC and normal state resistance (RN) coupled
with the increase of resistance in the supercoducting state (RS) for gate voltages close to the critical
value (V CG ) suggest the creation of field-effect induced metallic puddles in the superconducting sea.
Our devices show extremely high values of transconductance (|gMAXm | ' 15µA/V at VG ' ±6.5V)
and variations of Josephson kinetic inductance (LK) with VG of two orders of magnitude. Therefore,
the DB − FET appears as an ideal candidate for the realization of superconducting electronics,
superconducting qubits, tunable interferometers as well as photon detectors.
Conventional computation is hinged on the
use of field-effect transistors (FET s)1,2 based
on complementary metal-oxide-semiconductor
(CMOS) technology.3 Semiconductor-based
electronics suffers from dissipation caused by
charging and de-charging the gate capacitors,
and by the current flowing through the FET
channel.4 The latter can be eliminated by em-
ploying a class of devices where a high critical
temperature (TC) superconductor thin film sub-
stitutes the semiconducting channel: the super-
conducting field-effect transistor (SuFET ).5
By applying a gate voltage (VG) the charge
carrier concentration in the channel can be
controlled (because of their low intrinsic car-
rier density) and, as a consequence, the nor-
mal state resistance (RN), the superconducting
critical temperature6,7 and the critical current
(IC) are modulated.8,9 A similar approach con-
sists in employing superconducting source and
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drain electrodes which induce Cooper pairs
flowing in a semiconducting channel through
the so-called superconducting proximity ef-
fect.10 In the resulting device, called Josephson
field-effect transistor (JoFET ),11 TC and IC
can be controlled via field-effect modulation
of the carrier concentration of the semicon-
ductor.12,13 Since the first demonstration of
Josephson supercurrent in proximized semicon-
ductor nanowires,14–16 1D channels have been
implemented in JoFET technology,17,18 too.
This gave rise to novel experiments shedding
light on long standing physics open problems,
such as Majorana bound states,19,20 and de-
veloping new superconductor-based qubit tech-
nologies.21–23 Despite field-effect is believed to
be unaffective on conventional superconducting
metals, recent experiments showed full suppres-
sion of supercurrent in all-metallic transistors
based on different Bardeen-Cooper-Schrieffer
(BCS) wires made of aluminum and tita-
nium.24 This discovery could pave the way to
the realization of novel all-metallic gate-tunable
devices, such as "gatemons",21–23 interferome-
ters,25 Josephson parametric amplifiers26,27 and
photon detectors,28 that could take advantage
of a simple single-step fabrication and scalable
technology.
Here, we report the realization of the first
fully metallic Dayem bridge field-effect transis-
tors (DB−FET s). Remarkably, our titanium-
based devices show an unprecedented supercon-
ducting critical temperature TC ∼ 540mK for
Ti,29–31 and a symmetric complete suppression
of the supercurrent for voltages applied to the
lateral gate electrodes as large as ±8V. Fur-
thermore, the DB − FET s exhibit values of
transconductance reaching 15µA/V at about
±6.5V and variations of two order of magni-
tude in the Josephson kinetic inductance (LK)
with the applied VG.
The structure of a typical Dayem bridge field-
effect transistor is shown in Figure 1a. The
DB − FET consists of a 4µm wide titanium
(Ti) thin film (of thickness∼ 30nm) interrupted
by a ∼ 125-nm-long and ∼ 300-nm-wide con-
striction. In correspondence of the constric-
tion, at a distance of about 120 − 150nm, two
side electrodes (green stripes in Figure 1a) al-
low to apply an electrostatic field on the bridge
region. The devices were realized by a single-
step electron beam lithography and evapora-
tion of titanium onto a p++-doped silicon (Si)
commercial wafer covered by 300nm of sili-
con dioxide (SiO2). The 30-nm-thick Ti lay-
ers were deposited at room temperature in an
ultra-high vacuum electron beam evaporator
(base pressure ∼ 10−11Torr) at a deposition
rate ranging from 10 to 13Å/s. The electrical
characterization of the DB − FET s was per-
formed by standard four wire technique in a
filtered He3-He4 dry dilution refrigerator at dif-
ferent bath temperatures (in the range 40mK
- 550mK). Both resistance vs temperature and
resistance vs magnetic field characteristics were
obtained by low frequency lock-in technique,
while the current vs voltage behaviors were car-
ried out by applying a low-noise current bias
and measuring the voltage drop by a room-
temperature differential preamplifier. Finally,
the gate voltage was applied by a low-noise
source-measurement-unit.
Our Dayem bridges show an unprece-
dented critical temperature for titanium TC ∼
540mK29–31 (see the resistance vs temperature
trace depicted by the green line in Figure 1b)
corresponding to a BCS zero-temperature su-
perconducting energy gap ∆0 = 1.764kBTC '
82µeV, where kB is the Boltzmann constant.
On the other hand, our DB − FET s exhibit
typically a critical perpendicular-to-plane mag-
netic field of ∼ 115mT, as displayed by the
blue line of Figure 1b. In order to investigate
the dissipationless Cooper pairs transport, we
measured the I − V characteristics of our de-
vices as a function of bath temperature (T ).
A set of I − V characteristics at selected tem-
peratures is represented in Figure 1c. The su-
perconducting critical current reaches a value
IC ' 30µA almost constant for temperatures
lower than ∼ 125mK and monotonically de-
creases for higher temperature, as shown in
Figure 1d. The transistor I − V characteris-
tics are hysteretic due to heating induced in
the sample while switching from the normal
to the superconducting state.32 In particular,
the switching current from the resistive to the
dissipationless state, known as retrapping cur-
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Figure 1: (a) False color electron micrograph of a typical Ti-based Dayem bridge transistor. The
Josephson junction (blue) is current biased and the voltage drop is measured with a room tem-
perature voltage amplifer, while the gate voltage is applied to both gate electrodes (green fingers).
The inset shows a blow-up of the core of the device. (b) Resistance R as a function of temperature
T (green line, bottom horizontal axis), and R vs perpendicular-to-plane magnetic field B at 50mK
(blue line, top horizontal axis) characteristics of the DB − FET . The normal-state resistance of
the device is about 600Ω. (c) Back and forth current I vs voltage V characteristics of a typical
DB − FET measured at different temperatures. The curves are horizontally offset by 20 mV for
clarity. (d) Full temperature evolution of the critical current IC . The error bars represent the
standard deviation of IC calculated over 50 repetitions.
rent, is almost constant (IR ' 1.6µA) in the
complete temperature range.
To demonstrate the field-effect performances
of the DB − FET , we carried out I − V mea-
surements for different values of gate voltage.
In our experiments we applied the same value
of VG to both gate electrodes to maximize the
impact of the electric field on the supercurrent.
As shown in Figure 2a for sample A, the criti-
cal current IC monotonically decreases with the
applied gate voltage untill reaching full suppres-
sion. On the other hand, the retrapping current
(IR) remains constant untill IC > IR, while by
further increasing VG the switching and retrap-
ping currents assume the same value (IR = IC).
Remarkably, the suppression of IC is symmetric
with the sign of VG (bipolar field-effect) and the
normal state resistance (RN) of the DB−FET
is unaffected by the electric field (see the con-
stant slope of the I − V curves in Figure 2a).
This is in stark contrast with SuFET s5–9 and
JoFET s.12–16 As a consequence, charge deple-
tion of the Josephson transistor channel can not
account for the IC reduction.
In order to study the complete beahvior of the
DB − FET s we measured IC as a function of
the applied gate voltage at different bath tem-
peratures ranging from 50mK to 450mK. By
normalizing the critical current with respect to
its value in the absence of any applied gate bias
[IC(VG)/IC(0)], it is possible to directly com-
pare the behavior of different devices, as shown
in Figure 2b, even if their intrisic critical cur-
rent is different [IC(T = 50mK) ' 28µA for
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Figure 2: (a) Back and forth current I vs voltage V characteristics of sample A measured at 50mK
for several values of gate voltage VG. The curves are horizontally offset proportionally to VG for
clarity. The semi-transparent area depicts the parameters space where superconductivity persists.
The inset shows the leackage current measured in our setup IL as a function of gate voltage VG.
(b) Normalized critical current IC/IC0 as a function of gate voltage VG measured at different bath
temperatures T for two DB−FET (i.e., samples A and B). The error bars represent the standard
deviation of IC calculated over 50 repetitions.
sample A and IC(T = 50mK) ' 24µA for sam-
ple B]. The critical current of the two devices
shows a qualitatively similar behavior both with
gate voltage and temperature. In particular, at
T = 50mK the critical current remains con-
stant by increasing VG, then it starts to de-
crease untill its full suppression (IC = 0) by
further rising the gate voltage. For higher val-
ues of the temperature the maximum value of
critical current lowers, and, on the one hand,
the plateau of constant IC widens in VG while,
on the other hand, the foot of the transition
(i.e., the first value of VG giving IC = 0) re-
mains constant at temperatures up to ∼ 85%TC
(see Figure 2b). This behavior resembles the
recent results obtained on gated BCS Ti and
Al wires and thin films.24 From a quantitative
point of view, the main difference between sam-
ple A and B resides in the gate voltage opera-
tion ranges (see Figure 2b). Sample A exhibits
complete suppression of the critical current at a
critical voltageV CG ' ±32V, whereas sample B
shows an extraordinary low critical voltage of
about ±8V. The latter impressive value of V CG
is comparable to the gate voltages employed in
CMOS technology (Vdd = 5V), and it can be
attribuited to the lower distance between the
constriction (active element) and the gate elec-
trodes in sample B.
In addition, during all experiments we have
carefully monitored the leakage current IL of
the entire measurement circuit while appling
the gate voltage VG (see the inset of Figure 2a).
The leakage current is always of the order of
tens of pA (IL ∼ 10−6IC(VG = 0)). In particu-
lar, for VG = 25V the critical current suppres-
sion is ∼ 13µA while IL ' 20pA (with a re-
sulting gate resistance RG ' 1.25TΩ). In order
to exclude any quasiparticle overheating due to
direct injection of a portion of IL as source of
the supercurrent suppression we recorded the
temperature dependence of the resistance (R)
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Figure 3: (a) Resistance R as a function of temperature T measured on sample A for different
values of gate voltage VG. The curves are vertically offset for clarity. (b) Extracted values of critical
temperature TC as a function of gate voltage VG for sample A. The avarage critical temperature
TC = 539mK is shown. (c) Zero-bias resistance in the superconducting state RS as a function of
VG measured on sample A for T = 480mK (blue), 500mK (yellow) and 520mK (red). The inset
shows the I − V characteristics at Tbath = 50mK for values of gate voltage indicated by the colored
arrows.
of our DB − FET s as a function of the ap-
plied gate voltage (see Figure 3a). Any heat
injection able to suppress the critical current
would, at the same time, result in a measurable
reduction of the critical temperature.33 In our
Dayem bridge transistors, TC remains constant
(within the experimental error due to temper-
ature stabilization) over the complete range of
applied gate voltages, as shown for sample A
in Figure 3b. For instance, by applying a gate
voltage VG = 25V a reduction of 80% in IC
is measured while the critical temperature is
completely unaffected. Analogously, the nor-
mal state resistance is not influenced by the
gate voltage and shows an electric field inde-
pendent value RN ' 600Ω comparable with the
values extracted from the I−V characteristics.
A carefull analysis of the R vs T data high-
lights that the resistance in the superconduct-
ing state (RS) near full suppression of the su-
percurrent strongly depends on VG , as shown
in Figure 3c. Specifically, a resistive component
in the I−V characteristics around zero bias ap-
pears and grows by rising the gate voltage. This
phenomenology seems compatible with the cre-
ation of an inhomogeneous mixed state com-
posed of normal metal and superconducting
puddles. In this view, the superconducting ar-
eas maintain the same critical temperature of
pristine Ti, while the dissipative parts interrup
the supercurrent flow providing the measured
resistive component. The latter can be also no-
ticed by zooming the I −V curves obtained for
values of gate voltage approaching V CG : a finite
slope builds up (i.e., a finite conductance, see
the inset of Figure 3c) in correspondence of the
dissipative component revealed by the R vs T
experiments.
The standard figure of merit providing in-
formation about the performances of field-
effect transistors is the transconductance. In
superconductor-based devices, it is defined as
gm = dIC/dVG, i.e. the variation of the criti-
cal current with gate voltage. Figure 4a shows
the behavior of gm as a function of VG mea-
sured at different temperatures for sample A.
As expected, the transconductance shows dif-
ferent sign for VG < 0 and VG > 0 (given the
suppression of IC for both gate voltage polari-
ties) since the numerical derivative is performed
from negative to positive values of VG. The
strong temperature dependence of gm is high-
lighted by plotting the absolute value of its
maximum |gMAXm | vs T , as depicted in the in-
set of Figure 4a for both sample A and B. In
particular, gMAXm has an almost constant value
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Figure 4: (a) Transconductance gm as a function of gate voltage VG for different values of tempera-
ture T measured on sample B. The inset shows the absolute value of the maximum of transcoduc-
tance |gMAXm | vs temperature T for devices A and B. (b) Kinetic inductance LK as a function of
gate voltage VG for different values of temperature T measured on sample B.
(∼ 330nA/V at VG ' ±23V for sample A and
∼ 15µA/V at VG ' ±6.5V for sample B) up
to T ' TC/2, and by further rising the temper-
ature it decreases by about one order of mag-
nitude. The maximum value of the transcon-
ductance of our DB − FET s is comparable to
that obtained on InAs thin films based JoFET s
(14µA/V at VG = 0.7V13) and several orders of
magnitude larger than that of semiconductor
nanowire-based devices (a few nS at values of
VG of the order of several tens of volt14).
In our DB − FET s, the gate-dependent sup-
pression of the critical current yields to an in-
crease of the Josephson kinetic inductance, de-
fined as LK = h¯/(2eIC)34 where h¯ is the re-
duced Planck constant and e is the electron
charge, as shown in Figure 4b for different tem-
peratures. In particular, the maximum value of
LK in our transistors is sim8nH, while its varia-
tion ranges from ∼ 10−13H to ∼ 10−8H. There-
fore, our DB−FET s seem suitable candidates
for the realization of fully metallic supercon-
ducting qubits21–23 and Josephson parametric
amplifiers.26,27
In conclusion, we have realized the first fully
metallic Dayem bridge Josephson field-effect
transistors allowing to control the critical cur-
rent by applying a gate voltage. The sim-
ple fabrication single-step process elects the
DB − FET as ideal candidate for a number
of technological applications. Notably, our Ti
thin films showed a record critical tempera-
ture TC ∼ 540mK for this superconducting
metal. On the one hand, the DB − FET s al-
low a bipolar fine control of the critical cur-
rent untill its full suppression for values of gate
voltage of ∼ ±8V. On the other hand, differ-
ently from conventional JoFET s, the critical
temperature and the normal state resistance of
the transistors are not affected by an electric
field. The constant TC and the change of RS
with VG suggest the creation of electric field
induced inhomogeneous state in the supercon-
ductor consisting of metallic puddles. Further-
more, the DB − FET s exhibit very high val-
ues of transconductance (|gMAXm | ' 15µA/V at
VG ' ±6.5V) and variations of Josephson ki-
netic inductance of two orders of magnitude.
Therefore, the metallic Dayem bridge Joseph-
son field-effect transistors are excellent candi-
dates for the realization of "gatemons",21–23
parametric amplifiers,26,27 tunable interferom-
eters25 and photon detectors.28
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